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A PHENOMENOLOGICAL MODEL TO PREDICT THE DENSITY AND
DISTRIBUTION OF PACIFIC HAKE BY SEASON AND GEOGRAPHY

INTRODUCTION

Fish cause volume reverberation, clutter, and false targets and can interfere with the performance of
Naval active sonar systems. This interference is especially strong in continental shelf and slope waters
where the abundance of fish is far greater than in the open ocean. An ability to predict the occurrence of
fish and the potential for biological causes of reverberation, clutter, and false targets would provide
environmental knowledge useful for Navy planning.

Pacific hake, Merluccius productus, are the single largest stock of fish on the U.S. west coast. They
occur in midwater on the continental shelf and slope from Baja California to Queen Charlotte Sound.
Pacific hake provide a unique opportunity to test a simple model for predicting the abundance and
distribution of a single fish stock and ultimately for predicting volume reverberation and false targets. If
predictions from a single species model work reasonably well, then additional species models may be
developed for shelfwide regions. Any model of fish prediction to be used by Naval antisubmarine warfare
(ASW) and mine countermeasure (MCM) systems must be generally applicable in many parts of the
world. For this reason, the models must be based on general observations that are obtainable for other
stocks of fish where some of the basic biological parameters are poorly known.

To meet this criterion of wide applicability, a migration model was derived from a set of general
observations about the west coast hake population. It consists of a set of empirical formulas allowing the
calculation of the expected number of hake at a particular latitude in a particular month. It was designed
to fit the known observations of hake distribution and migration without any regard to the mechanisms of
the migration. More detailed biological mechanism- oriented models may be found in Francis (1983) and
Smith et al. (1992).

Calculations are made in a geographic framework to allow the derivation of maps of fish density and
depth. These maps are coupled to a swimbladder resonance model (Love 1978) to provide maps of
expected volume scattering. Finally, volume scattering values predicted by the model are compared to
measurements obtained at sites visited by the Naval Research Laboratory (NRL) in August 1992 and July
1995.

MIGRATION AND DISTRIBUTION OF PACIFIC HAKE
The Seasonal Migration

Much of our knowledge of Pacific hake comes from a recent review of Pacific hake (Methot and Dorn
1995), surveys conducted by the National Marine Fisheries Service (NMFS), and observations made by
fishing fleets (Stauffer 1985). Hake undergo a seasonal migration. Adult fish spend the winter on
spawning grounds between Point Conception and Baja California. In the spring, after the fish have
spawned, they begin migrating north to feed in the productive waters along the continental shelf from
northern California to Vancouver Island. They remain on the feeding grounds through the summer. In the
autumn, the adults migrate south back to Baja. Juvenile fish mimic the migratory pattern of the adults but
exhibit a migration pattern of reduced amplitude, spending the winter in southern California and
migrating only as far north as southern Oregon in summer.

Manuscript approved May 5, 1999.



2 Redwood W. Nero

Knowledge of this general pattern is augmented by numerous anecdotal observations. Observations
from the Soviet fishing fleet during 1965-69 (Ermakov 1974) indicate that post-spawn hake begin to
appear just north of San Francisco in mid March. Ermakov’s report suggests hake migrate in large schools
that show up off Oregon and Washington in mid April and off Vancouver Island by late May. The schools
appear to migrate northward at 6 to 11 km/day, following the edge of the continental slope. In June, the
schools expand shoreward, with some schools occurring as shallow as 90 m. Dense feeding aggregations
of hake occur from April to November along the shelf break off Oregon and Washington (Methot and
Dorn 1995). In the fall, the migration is reversed with hake moving offshore and then southwards along
the slope (Stauffer 1985).

The timing of the migration can vary by a month or more, depending on local coastal currents and
weather. Soviet catch statistics show that fish may be present off Vancouver Island and Washington as
early as January in some years and, in other years, may stay as late as December. A substantial catch was
taken during November in three of 10 years between 1967 and 1976 (Beamish and McFarlane 1985).

Hake aggregate isobathically on the summer feeding grounds, with the greatest aggregations over
bottom depths of 50 to 100 m. However, hake continue to occur out to bottom depths of about 300 m.
Based on bottom trawl catches and acoustic surveys, large aggregations can occur at bottom depths near
200 m (Nelson and Dark 1985; Methot and Dorn 1995). The summer aggregations are associated with the
occurrence of euphausiids (Mackas et al. 1997) and occur at temperatures between 5 °C and 9 °C
(Swartzman 1997; Mackas et al. 1997) with peak concentrations occurring at about 6 °C (NRL,
unpublished data).

Vertical Distribution

When feeding, hake undergo diurnal migrations, apparently in response to the vertical migration of
euphausiids, their primary food (Stauffer 1985; Simard and Mackas 1989; Mackas et al. 1997). They
aggregate in dense schools at depths of 100 to 250 m during the day. At night some of the hake migrate
upward and spread into a diffuse layer between 250 m and the surface (Stauffer 1985). NRL data
corroborate these general depth ranges (Nero et al. 1998) but also suggest that their vertical distribution is
centered near the 6 °C isotherm (NRL unpublished data). The vertical distribution of hake is not
documented for the northward or southward migrations. During spawning in February hake do not feed
and remain at depths of 150 to 400 m (Saunders and McFarlane 1997). Shortly after spawning hake have
been caught with food in their stomachs (Saunders and McFarlane 1997), suggesting that feeding and
vertical migrations resume after spawning.

Abundance

Extensive acoustic surveys have been carried out every three years since 1977 by the NMFS to assess
Pacific hake abundance (Francis and Hollowed 1985). These surveys are carried out in conjunction with
an extensive bottom trawl survey. In combination, the two techniques are used to provide an estimate of
hake density and abundance. The hake population is dynamic, often several weak year classes are
followed by a strong year class, so that a majority of the population at any time may be dominated by a
few strong year classes. In 1992, the hake population was dominated by fish from strong year classes in
1984, 1987, and 1990 (Dorn et al. 1994). By 1995, the hake population gained fish from a strong year
class in 1993 (Wilson and Guttormsen 1997).

Several theories in fisheries ecology suggest that an upper limit on fish density occurs because of
space dependent ecological constraints and that fish populations maintain a high and constant local
density near the center of their optimal habitat (MacCall 1990). The overall area distribution contracts as
the population becomes smaller. Pitcher and Alheit (1995) suggest that because of a hake’s unique
feeding behavior, ambush predation, and high cannibalism, this may not be the case for hake. Hake may
rather tend to occupy a large region, with local density dependent on overall population abundance. As
the population becomes smaller, the hake occupy the same region but at a lower density. However, the
most recent acoustic surveys of the US-west coast hake population suggest an upper limit on their
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maximum density. Acoustic measurements at 5 kHz suggest that an average hake density is roughly 0.05
indiv./m? with dense concentrations near 0.15 indiv./m? (Nero et al. 1998).

MODEL

Primary Model

In this report, predictions are made of the proportion of the hake population by age, month, latitude,
and distance inshore and offshore from a migration corridor. Raster based maps are used to build and
represent the migration corridor. All maps are 512 x 512 pixel raster images of a 45° latitude by 45°
longitude area with the NW corner point at 55.28° N 146.55° W, and the SE corner point at 10.28° N, and
101.55° W. From overall abundance data predicted proportions are translated into fish numbers and a
model of swimbladder resonance is used to generate a raster image of volume reverberation. The
corresponding image resolution is such that each pixel corresponds to an approximate 10 km x 10 km
area. The calculation of the migration is split into two parts: the first determines the position of fish in the
north-south along-shelf direction, and the second determines the inshore-offshore across-shelf
distribution. Calculations use maps of bathymetry derived from the US. Navy Digital Bathymetric
Database (DBDB) at a 5-km resolution. The bathymetry was used to define a migration corridor that is
based on the position of the shelf-slope break. The vertical position of the population is based on thermal
structure, where the mean vertical position is centered on the depth of the 6 °C isotherm as determined
from the U.S. Navy Generalized Digital Environmental Model (GDEM), as applied to sea surface
temperatures for August 1992.

The backscattering for a layer of fish for month ¢, at pixel location x (longitude), and y (latitude) is
given by

m n
SLtXy =10log,, z Z (o Dﬁiztxy , (1)

i=1z=1
where there are m age classes and n depth layers, O, is the backscattering from an individual fish (of age

i, at depth z) calculated for frequencies of interest using formulas in Love (1978), and O, is the areal

iztxy
density of fish in the nth layer. For Pacific hake, we have chosen m = 10 and » = 13. The 10th age class
contains all fish from ages 10 through 15 because there are fewer older fish and they are similar in size.
Calculation of O, requires information on fish size and acoustic properties.

At each pixel, the range of depths that fish can occur varies depending on thermal structure and bottom
depth. The allocation of fish to depth layers at pixel x, y, is proportional to layer thickness such that,
O. = %

iztxy
8 @
where AZ, is the thickness of layer n, and AZ; is the total depth range of hake. The 13 standard depth

layers were defined as: 0 to 10 m, 10 to 14 m, 14 to 20 m, 20 to 28 m, 28 to 40 m, 40 to 56 m, 56 to 80 m,
80to 112 m, 112 to 160 m, 160 to 224 m, 224 to 320 m, 320 to 448 m, and 448 to 640 m. The current
model is limited to 640 m. Fish were placed at equal concentrations into only those depth layers which
overlap with the predicted depth range of the hake. The prediction of the depth range of the hake was
based on a scheme where fish always occur near the 6 °C isotherm during the day but also includes
vertical migration at night. The predicted depth range was based on a daytime preference for 50 m above
and 50 m below the depth of the 6 °C isotherm and a nighttime preference for 150 m above and 50 m
below the depth of the 6 °C isotherm. These depth preferences were restricted so that hake did not occur
above the sea surface or below the seafloor. For lack of better information on vertical migration during
their seasonal migration, the hake were modeled as migrating vertically during all months. Although not
implemented here, vertical migration could be suppressed during February to better simulate the absence
of a vertical migration at spawning.
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In the model that follows, a number of empirical equations are presented which were derived based on
“eye” fits to the known behavior of hake. Much of the information was anecdotal and the equations
contain numerous parameters that are only mathematical functions used to describe a particular shape
without regard to the actual underlying biological mechanisms. In particular, Egs. (3) and (4), (9) through
(12), and (15) through (17) contain such terms.

Migration Kernel

The kernel of the hake migration model is the term P, which describes the proportion of the distance
traveled along the migration corridor at any time and is given by

O 0_[0O
D% - agd'0
1- COSWD
H H
2 : 3)

Equation (3) assumes the migration of hake along the corridor follows a simple cycle, analogous to the
seasonal climactic cycle. This cycle is approximated by a simple sinusoid function where Pt is the

P, =

proportion of the migration accomplished at calendar month t, with month values ranging from 1 through
12 for January through December, respectively, and {; g is the time lag between the calendar month and

the migration cycle. Since the Pacific hake migration starts in February, a value of tlag =2 is used for

hake on the west coast. Equation (3) is plotted in Fig. 1, where values of Pt are O at the start of the

migration in February, 0.5 midway through the migration in May and November, and 1 at the maximum
extent in August. The sinusoid shape results in slow movement at the migration endpoints and maximum
motion at its midpoint with the two sides of the cycle identical in shape. Hence, fish are in identical
positions in the reciprocal months, for example June and October or April and December. Subsequent
equations use Pt to scale the migration corridor, provide different migration rates for each age class, and
to spread each cohort out along the length of the migration corridor. A simple index to measure the
amount of migration completed at t, based on Pt is

a,=025-(R -05)’, &)

which is used in the calculation of several of these parameters. Q, has a value of 0 at the migration

endpoints, February and August, and a value of 0.25 midway through the migration in May and
November.

[

o
&

P; (Relative Position)

o O

ec. Feb. Apr. June Aug. Oct. Dec.

Fig. 1 O Curve depicting the basis of the yearly migration cycle
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Migration Corridor

The migration corridor is a sinuous path of pixels running in a generally southeast to northwest
direction roughly parallel to the shelf edge. It was created by applying several simple image processing
steps to the map of west coast bathymetry. The bathymetric data were limited to a 22-m resolution
because image representation of the data was restricted to integers between 1 and 512. The first step in
defining the migration corridor was to obtain a slice of the bathymetric data between 3 and 9 units (66 to
198 m) to represent the outer continental shelf and shelf break. This region was then reduced to a corridor
1 pixel wide by applying an image processing “skelotonize” operation that eliminated all adjoining
extraneous pixels. This gave a migration path which was an approximation of the middle of the outer
shelf and shelf break. Determination of distance along the corridor was accomplished by assigning a
single pixel at the southern tip of Baja California (23°N, 110°W) as a starting point. The range from this
starting point to all other pixels on the map was calculated and assigned to a range map. This map had the
appearance of a bullseye. Because the migration corridor was approximately linear in the SE to NW
direction, the range map values corresponding to the pixels along the migration corridor gave the
corresponding distance along the length of the corridor. Range steps €, cover 230 steps, from 1 at the
southern starting point to 230 at the northern end (55°N, 135°W) with each step containing a segment of a
torus encompassing approximately 2 pixels in the range direction and 50 to 100 pixels in the across-
corridor direction. Range steps were used in subsequent along-corridor and across-corridor calculations.

Mean Position

A cohort’s mean position at month ¢ along the migration corridor is given by

mt,i:S-}'Pt(fi_s)’ (5)

where fi and §, are scaling parameters that are defined below. Although the shape of the migration is
defined by Eq. (3), additional parameters in Eq. (5) are required to adjust the position and magnitude of
the migration for each cohort and to scale the migration to the migration corridor.

Two parameters that define the mean position of an age group’s most southern and northern position
are Cspawn(i) and Cfeed(i) (Table 1). Values of these parameters were derived from observations from the
fishery based on Ermakov (1974), Smith et al. (1992), and Stauffer (1985). These values can be shifted
northward or southward depending on whether the year being predicted is cooler or warmer than average
and the hake’s position of spawning or feeding is expected to occur more northwards or southwards than
on average.

Scaling is accomplished by expressing all positions as relative to total path length of the migration
corridor, where the overall southernmost position at which hake can occur is C; (range step of 0) and the

overall northernmost position is C,, (range step of 230). C, and C,,, set the limits by which all other

parameters are scaled. Subsequent conversion of C ytoa relative distance measure is by the scaling

spawn(i
parameters § and fi,

c

— _“spawn(i)
S= o o
Crex ~Co (6)
and conversion of Cfeed(i) to a relative distance measure is by
- C feed(i)
=
Crax ~ Co (7)

b
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and any range step C’ s relative position along the corridor is given as

¢ (Cmax _CO). (8)

Table 1 O Endpoints for the Hake Migration by Age Group in Units of Latitude and Corridor
Position (230 Range Steps Between 23°N and 55°N)

Age Cepann(iy C feed(i)
Group

(yr) (latitude) | (range step) | (latitude) | (range step)
1 36.77 100 37.00 109
2 35.10 88 42.00 139
3 34.13 81 44.20 148
4 33.30 75 45.20 152
5 32.60 70 45.90 156
6 32.04 66 46.40 159
7 31.63 63 46.80 161
8 31.21 60 47.10 163
9 30.93 58 47.30 164
10 30.65 56 47.50 165
11 30.37 54 47.65 166
12 30.10 52 47.76 167
13 29.96 51 47.87 168
14 29.82 50 47.95 169

Equation (5) and the above endpoints were used to determine the distribution of fish over latitude (or
steps) by month (Fig. 2). For each age class, a simple sine-wave was used to represent latitudinal position.
The overall result provides a reasonable representation of the migration of hake from their overwintering
area in the south (steps 50 to 100) to their summer feeding range in the north (steps 109 to 169). At both
the southern and northern limits of the migration, the hake are distributed by age, with younger fish
migrating shorter distances than older fish. Age 1 hake remain almost stationary, while each subsequently
older year class travels farther north and farther south. The model gives reasonable estimates of migration
rate, the slope of the curves in May in Fig. 2 suggest that age 1 hake are traveling at about 1 km/day,
while the oldest and fastest hake, age 14, are traveling at about 16 km/day. These rates are reasonably
close to observed movements of schools of older hake at 6 to 11 km/day (Ermakov 1974).

One additional measure based on fi and §, is an index giving a relative measure of an age groups
total migration path length

_ PRY:
B =0.10{f -5)" o)

which is used as a weighting factor in the calculations which follow.
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180
50°
160 |
45°
140 |
o
40°
7 120 | o
e 2
c 100 & - 'Lg
™ 8o \
60 |
30°
40 1 1 1 1 1

Dec. Feb. Apr. June  Aug. Oct. Dec.

Fig. 2 O Mean position of each hake age group during their yearly migration cycle.
Markers along top indicate months at which along-corridor spread is shown in Fig. 3.

Along Corridor Distribution

Equation (5) gives the mean position of an age group. However, natural variation in migration timing
and fish swimming speed will smear the population along the migration path. The following equations
provide for along corridor spreading about an age group’s mean position. Thus, an index of hake
occurrence at any relative position, O on the migration corridor is given by

1
. a4 \2
i (Mt —dc) (10)

b

Pitc =

wheretheterm Yt is defined as
1

Vi = (0.005+ (B, v, )) e |

(11)

High values of :Bi increase the spread throughout the migration cylce while high values of O
increases the spread halfway through the migration cycle (May and November). The parameter

.219
—.egslmziﬁ
W =2—e 27000
i , (12)

increases the spread of an age group when its biomass (B;) becomes excessively large. Values of
range from 1 to 2 for corresponding biomass values of 0 to 2,700 mt.

Equation (10) results in the spread in an age group’s distribution changing with the migration. In Fig.
2, time marks indicate where plots of the distribution of hake along the corridor in February, May, and
August are shown in three panels in Fig. 3. Each panel gives the relative biomass of hake in age groups 1
to 14 by range step. The middle of each bell-shaped curve indicates an age group’s mean position (my;).
Spread in the curves indicates an age group’s spread over range. Near the migration endpoints, February
or August, the amount of spread in each age group is the smallest, and near the middle of the migration,
May, the spread in each age group is the largest.
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Biomass Along the Corridor

Equations (3) through (12) give the relative index of hake occurrence at a position on the migration
corridor. Within range step ¢, a determination of the biomass for age i from the relative biomass, is
determined as

I:)i tc
3tc - E% 230
Z I:)itc
c=1 s (13)
with the total biomass of hake in that range step as
m
By = z Bitc
i=1 . (14

1.0
2 | May ]
S
E - -
§e) L i
m
o O05F .
2 - -
© L i
(O] | i
I - -
1.0
| Aug. i
05 : Age 1l :
0
0 50 250

Pixel

Fig. 3 O Relative biomass of hake along the migration corridor for age 1 to age 14
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Across Corridor Distribution

Given the total biomass within a range step, the following equation is used to define the distribution of
biomass of hake across the corridor
Vi —0.6931%5’
n

B.=K ) e
v=1

.219

) (15)
where the exponent describes a sigmoid-shaped curve with maximum density of hake near the corridor
and minimum density away from the corridor. The density term K, is discussed below. To achieve the
correct gradient in density, Eq. (15) is iteratively solved to determine Vp, the number of pixels in the

range step ¢ under the constraint that the sum of biomass from pixels within the range step equals the sum
of biomass expected based on Eq. (14). The Vp, pixels within a range step are ranked in order of distance
away from the corridor, with inshore and offshore directions treated equally and pixels at depths less than
66 m ignored. Based on the shape described by Eq. (15), hake are assigned to each of the ranked pixels
contained within that range step. Since each the elements of range step ¢ are pixels with x and y
coordinates, solving Eq. (15) gives the total biomass within each pixel such that Btc 0 B[xy (and

atc H atxy)- Figure 4 is an example for the shape in Eq. (15) for when Vp, = 20 pixels.

(7)) 1.

N

(4]

g _ V,=20
m

° 0.5:

>

ks I

()]

x 0 i

0 5 10 15 20

Pixel Rank

Fig. 4 O An example of the determination of the relative biomass to be
assigned to each pixel within a range step ¢, on the migration corridor,
when Vv, =20 pixels

The density term
KI = K+Et4 D.0,000 (16)

in Eq. (15) contains a constant K which is the optimal hake density, set at 5,000 tons/pixel (all cohorts
included), and the term f ¢ gives the increase in density expected during the peak in migration,

£ - t =t ) 7100
=snNF————
H e

, (17)



10 Redwood W. Nero

where the term E t4 [10, 000 ranges from 0 at the migration beginning or end (February or August) to
10,000 at its midpoints (May and November).

Density from Biomass

The density of hake at pixel X, y, is given by converting biomass to density

—
Oy = W
b (18)
where V\/I is the average individual hake weight for cohort i, given by standard empirical relationships of
hake weight (kg) to length, L;, (cm)

W, =0.000015L, 25"

and hake length (cm) to age (years) (Dorn et al. 1994).

(19)

L, =60.85(1- e 0¥~0%) o0

Model Execution

During a model run, proportions at each pixel were translated to density estimates using Eq. (18) and
stored as raster images of fish density. The numerical density of fish at each pixel was proportionally
divided into depth strata (using Eq. (2)) and the resulting density of fish of age 7, at depth z was used as
input to the model of swimbladder resonance to generate estimates of volume scattter. Following Eq. (1),
layer strengths were calculated for each pixel and maps of backscattering were generated for single layers.
Layers were integrated to produce maps of total layer strength.

Raster image “skelotonizing,” editing, and viewing were performed using public domain software
“NIH Image” version 1.59 on a Macintosh. All other numeric computations and image manipulations
were written in C and programs were controlled by executable shell scripts in Unix.

RESULTS

Comparison with Measurements

The hake model was run and compared for two surveys of volume scattering, the first in August 1992
and the second in July 1995 (Fig. 5). In August 1992, volume scattering was measured using the NRL
USRD Model F55 line-hydrophone in conical reflector (described by Thompson and Love 1996), with
survey results reported in Nero et al. (1998). The July 1995 measurements used a larger NRL USRD
Model F78 line-hydrophone in reflector.

Comparative runs with the hake model were made using a total biomass of hake for 1992 and 1995
estimated from the results of a stock synthesis model (Table 16 in Dorn and Saunders (1997)). The stock
synthesis model tracks age groups of fish through time, assuming average rates of fishing and natural
mortality, and includes measurements of stock biomass when available. In Table 2, results of the stock
synthesis model in numbers of fish were converted to biomass using the length-weight relationships (Egs.
(19) and (20)). Because the stock synthesis model does not provide estimates of the numbers of age 1 fish,
their numbers were estimated from the numbers of age 2 fish in the subsequent years (1993 and 1996) by
backcalculating to 1992 and 1995 assuming a 23% mortality rate (Dorn and Saunders 1997).
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Preliminary model runs were used to obtain a best fit to the volume scatter measurements. Because
numerous adjustments were necessary for the model parameters, intermediate results are not shown,
instead only the final adjustments and reasons for making them are given here. First, the total biomass of
hake was increased by 80% to provide enough fish such that they would occur far enough offshore to
match the volume scattering measurements. Nero et al. (1998) showed that the NMFS surveys were
suspect of missing fish that occurred beyond the offshore limit of the surveys. Increasing the total hake
biomass by 80% provided sufficient scattering at most offshore stations. Second, the mean positions of
the summer feeding (Table 1), had to be adjusted 15 range steps southward (approximately 2° of latitude),
to provide a better match of predicted volume scattering with measured volume scattering at the
northernmost and southernmost NRL stations. The winter spawning positions (Table 1) were left
unchanged.

Table 2 I Hake Numbers and Biomass Estimated from Results of a Stock Synthesis Model by
Dorn and Saunders (1997) and Used as Input to the Hake Model

Age | Length | Weight N (1992) N (1995) W (1992) W (1995)
(yr) (cm) (kg) (millions) (millions) (1000 mt) (1000 mt)
1 15.4 0.04 481 3147 19 122
2 27.2 0.20 1918 2169 384 434
3 35.9 0.45 168 133 75 59
4 42.4 0.72 732 217 526 156
5 47.1 0.98 1166 791 1141 774
6 50.7 1.21 136 61 164 73
7 533 1.40 31 234 43 326
8 553 1.55 1693 344 2618 532
9 56.7 1.67 30 39 50 65
10 57.8 1.76 10 9 18 15
11 58.6 1.83 25 483 46 884
12 59.2 1.88 613 9 1153 16
13 59.6 1.92 23 3 45 6
14 59.9 1.95 13 8 26 16
15 60.2 1.97 128 271 253 534

The coastwide distribution of hake biomass was modeled for February, May, and August 1992. The
resulting curves shown in Fig. 6 include the change in each age group’s latitudinal spread during the
seasonal migration. The proportion of each age group at each latitude has been converted to actual
biomass to demonstrate its effects on the spread of each cohort. The age 1 hake are more tightly grouped
at either end of the migration in February or August, while during the peak in the migration in May, they
are spread out. The biomass curves for the southward migration in November are not shown because they
are the same as those for May.

Application of the hake model allowed the determination of volume scattering on a pixel by pixel
basis, giving rise to maps of volume scattering. Figure 7 shows the predictions representing the change in
the distribution of hake from spawning in February to feeding in August. This prediction was for the
modified 1992 biomass of hake. Because the return migration southward is the reverse of the northward
migration, it is not shown. The effect of allowing the maximum density of fish to rise from 5,000
tons/pixel to 15,000 tons/pixel during the peak of the migration in May is evident in this figure, where the
hake are compressed into a narrow band along the shelf break in May. This presumably would occur if
the hake migrate in large compact shoals as suggested by the observations of Ermakov (1974).
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Fig. 6 U Predicted distribution of hake biomass over latitude. Numbers on curves indicate
age groups. Biomass is for a latitude range corresponding to the width of one pixel (0.088°).
Age groups 6, 9, 7, and 1, are hidden on the abscissa.

Figures 8 and 9 compare model predictions with August 1992 and July 1995 volume scatter
measurements, respectively. In 1992 at all stations except 10, measurements compared reasonably well
with the model. At station 10, the model appeared to provide a higher estimate by about 6 dB, or about
four times as many fish as actually occurred. Station 10 was one of the farther offshore stations in the
south of the study area, where the abundance of hake dropped off more rapidly than predicted by the
model. This also occurred in 1995 at the offshore end of line A: the model predicted no hake at either A6
or A7, yet measurements showed low densities of hake at Station A7 (note, station A6 was seaward of
A7). This suggests there still is an uncertainty in modeling the offshore limit of the hake in both 1992 and
1995. In addition to the problem of the offshore limit, a number of the 1995 stations showed other
mismatches between the model and the data. Major model-data differences in overall level were evident
at stations Al and D3, with A1 showing the model too high and D3 showing the model too low.
Discrepancies in resonance frequency also suggest that either the size of hake or their depth range appears
to have been modeled incorrectly at stations Al, AS, and B3. At night in both 1992 and 1995, smaller
scatterers, presumably mesopelagic fish, are responsible for a rise in scattering levels at frequencies above
2.5 kHz (especially evident at 1992 stations 5, 7, 9, and 11, and at 1995 stations A2, A3, B6, and B7).
These fish were not included in the present modeling effort.
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Fig. 7 0 Layer scattering strength (dB) for the modified 1992 hake population, February through August, overlaid on
bathymetry. The layer strength color scale ranges from red (-34 dB) to blue (-80 dB).
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DISCUSSION

Volume scattering predictions using the hake migration model are comparable to within a few dB of
the major features of the volume scattering data. However, for some locations this comparison can be
very poor. In the most extreme cases (Stations D1 and D3), there was a 10-dB disparity between the
model and the data. Some of this disparity is caused by our inability to properly fit the model to the
observations because the observations contain random variations caused by the stochastic nature of the
distribution of fish. Thus, predictions using this model need to be qualified with a margin of error of at
least + 3 dB. In addition, an extremely simple model was used to model the hake migration. For example,
the extreme 10-dB disparity is not surprising because the modeled migration may not necessarily follow
what the hake actually do.

The seasonal aspects of the hake migration are poorly known. There is no volume scatter data
available from seasons other than midsummer, so the hypothesized spring, fall, and winter distributions
and levels of scatter can only be judged based on the anecdotal information from the fishery.
Measurements of volume scatter are needed in these other seasons to determine the accuracy of the model
throughout the year.

The model fails to include several features of the behavior of Pacific hake that have recently come to
light. First, it appears certain age classes of hake remain at sea in distinct schools or shoals spread over
large areas (Nero et al. 1998). Such behavior will be very difficult to model because of the multitude of
stochastic events that affect fish behavior. Second, during their summer feeding, hake are now known to
accumulate on oceanographic upwelling sites where they feed on accumulations of Euphausiids (Mackas
et al. 1997). Future modeling could encompass such behavior, but only through the inclusion of
oceanographic databases or models with much more sophistication than GDEM.

Several hypotheses have been made on the mechanics of hake migration. One hypothesis suggests that
they spend more time at depth in the poleward-flowing California Undercurrent to move northward, and
more time in the near-surface southward-flowing California Current to move southward (C. Wilson,
NMEFS, Seattle, WA, pers. comm.). Such migration-based vertical positioning could be accommodated in
the model presented here if at sea observations of hake prove this hypothesis.

Fluctuations in climate could be included in the model. Spawning and feeding endpoints could be
increased or decreased to reflect year-to-year changes in climate. For example, if the distribution of hake
moves northward during a warm event, then the model could approximate this by placing the summer
feeding and winter spawning locations farther north. During the strong El Nifio in summer 1998, hake
were found as far north as Juneau, Alaska (59° N) (N. Williamson, NMFS, Seattle, WA, personal
communication).

The basic structure of the model developed here could be adopted to describe other migrations such as
those on a known route between known endpoints such as along a temperature isotherm or a depth
contour, or those based on historical information. An example of a fish stock where this model could be
implemented is the Norwegian Sea blue whiting. Both the winter spawning and summer feeding
distributions are known, as is information on general location of the migration pathway (reviewed in Love
1993). In all cases, the quality of the modeling is dependent on the amount of information available on a
particular fish stock. In some locations, this information may at best be only anecdotal.

The present model gives the mean level of volume scattering at a pixel. The next step is to include
biological target information. This could be accomplished by adding school information as a subset of
statistics on the schooling characteristics of hake. For example, once the density of fish at a pixel is
predicted by the model, stochastic models could then be used to predict the probability of detecting false
targets of a particular target strength for a given ensonified area.

The present model is useful for predicting the location, depth, and seasonal pattern of scattering on a
shelf-wide basis. The model can potentially provide useful predictions of volume scatter for locations
where measurements have not been made. This model represents the first step in an effort aimed at
providing up-to-date information on a very dynamic and problematic subject. Further efforts should
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provide mathematical refinements and additional flexibility to allow application to a variety of
environments.

SUMMARY

A model has been developed to predict the vertical distribution and density of Pacific hake at monthly
intervals over the extent of their range. A swimbladder scattering model is applied to predictions of hake
depth and density to generate maps of volume scattering. Volume scattering predictions compare
reasonably well, to within + 3 dB of measurements made in the summers of 1992 and 1995.

Some discrepancies of up to 10 dB exist between the model and the data. Greater complexity in fish
behavior and migration and interactions with oceanographic features are suggested as reasons for the
discrepancies. Several suggestions are made for improvements.

Overall, the model is recommended as useful for generalized volume scattering predictions over shelf-
wide geographic areas in seasons or locations where volume scattering data are sparse. Such predictions
should prove beneficial in Navy planning.
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